DDQ mediated an oxidation-dehydrogenation of 2-aroyl-3,4-dihydro-2H-benzopyran prepared from salicylaldehyde to yield 2-aroylbenzopyran-4-one. Stochiometric amount of DDQ, acetic acid and water in refluxing dioxane are the optimal condition for this oxidation-dehydrogenation reaction. A rationally proposed mechanism for this oxidation-dehydrogenation process is based on the isolation of a reaction intermediate viz., 2-benzoyl-8-methoxy-3,4-dihydrobenzopyran-4-one and the identification of the 18 O-labled carbonyl group of benzopyran-4-one demonstrating incorporation of labeled H 2 18 O.
Introduction
DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) is a chemical reagent widely used in organic synthesis. The major functions of DDQ include the deprotection of thioacetals, acetals and ketals and conversion to aldehydes and ketones, 1 and the deprotection of benzyl, MPM (4-methoxybenzyl) and DMPM (3,4-dimethoxybenzyl) groups into hydroxy groups, 2 the mediated carbon-carbon bond formation for the synthesis of quinolines from imines and alkynes or alkenes, 3 the catalyzed benzylic acetoxylation of arylalkanes, 4 the synthesis of methoxylated (E)-arylalkenes and arylalkanones, 5 the mediation of direct cross-dehydrogenative-coupling (CDC) between ethers and active methylene compounds, 6a or simple ketones, 6b the oxidative cyclization of phenolic Schiff base for the synthesis of 2-arylbenzoxazoles, 7 the facile synthesis of vicinal diamines via oxidation of the N-phenyltetrahydroisoquinolines, 8 the oxidation of beta-asarone to
Results and Discussion
A model reaction was designed for determining the optimal condition for this DDQ oxidation. From careful investigations (Table 1) , we found that DDQ (3.5 equv.) in the refluxing dioxane and with HOAc-H 2 O as an additive (entry 4) are the optimized conditions. Omission of HOAc-H 2 O as addictive (entry 3), increases the reaction time and lowers the yield. Using one or two equivalents DDQ (entries 1 and 2) in this oxidation reaction results in no product being observed. This result indicates that the stochiometric amounts of DDQ are necessary in this oxidation reaction. In DMF as solvent and HOAc (few drops) as additive, the reaction takes place but purification is tedious (entry 5). Moreover, with EtOAc as solvent and HOAc as additive, the reaction occurs but a longer reaction time is required (entry 6). This result points to the fact that this type of oxidation requires higher boiling point solvents than that of EtOAc. If only HOAc is used as solvent without H 2 O as an additive, the reaction time is a little longer (entry 7). In the case of using H 2 O as solvent, without HOAc as additive, the yield of product is lower with most of starting material being recovered (entry 8). This result implies that HOAc is a requisite for the enhanced rate of this oxidation. When DMSO was used as solvent under refluxing conditions, the product mixture is difficult to purify resulting in a lower yield (entry 9). Employing the optimized conditions, DDQ (3.5 equv.) in the refluxing dioxane and HOAc-H 2 O as an additive, a series of 2-aroyl-3,4-dihydro-2H-benzopyrans prepared from salicylaldehyde were oxidized with DDQ to yield the title compounds in moderate to good yield. Structural assignment of 2-benzoyl-8-methoxybenzopyran-4-one 2b is based on the following spectral data. A three-proton singlet at δ 3.98 in the 1 H-NMR spectrum is assigned to the 8-methoxy group while the NOESY spectrum illustrates the following; a one proton double doublet signal at δ 7.25 (dd, J = 8.0, 1.2 Hz) cross linked to the methoxy group can be assigned to H-7; cross linking between H-6 and H-7 and H-5 with H-6 allows the signals for H-6 at δ 7.39 (t, J = 8.4 HZ) and H-5 at δ 7.78 (dd, J = 8.2, 1.2 Hz) to be assigned. Based on the HSQC technique, C-3 at δ 114.6 is shown linked to H-3 at δ 6.92; C-7 at δ 115.1 is shown linked to H-7 at δ 7.25; C-5 at δ 116.4 is shown linked with H-5 at δ 7.78 and C-6 at δ 125.7 is shown linked to H-6 at δ 7.37. Based on the HMBC technique, the (C-4) carbonyl carbon at δ 146.3 shows cross links with H-3 and H-5 while the benzoyl carbon at δ 149.3 shows cross links with H-3, H-2', and H-6'. The DEPT 13 C-NMR spectra for 2b illustrates the following; in a broad banddecouple spectrum, which shows signals for 15 carbons; in DEPT-90 spectrum, which shows signals for seven CH carbons and one CH 3 carbon; and in DEPT-135 spectrum, which shows seven CH positive signals and shows no negative signals of CH 2 . All DEPT 13 C-NMR spectra which are obtained further support the correctness of structure 2b. Additionally EI-MS and EA data are consistent with the structure. In order to clarify and establish the detailed reaction mechanism, an optimized reaction was quenched after 3h. The resultant intermediate which was analyzed by spectral analysis 1 H-NMR, 13 C-NMR, and EI-MS, proved to be 2-benzoyl-8-methoxychroman-4-one 2b-1 and was shown to be further oxidized to yield 2b under the same reaction conditions. This result implies that the chroman ring is firstly oxidized to chroman-4-one and then followed by dehydrogenation to yield chromen-4-one. Moreover, in order to clarify the origin of the oxygen of chroman-4-one as well as the involvement of H 2 O in the oxidation reaction, H 2 O 18 was used at the beginning of reaction using the optimized condition to determine if it was incorporated. The products we isolated proved to be a mixture of the labeled 2-benzoyl-8-methoxybenzopyran-4-one ( 18 O 282.0776). The inference of this is that the oxygen atom at C4 of chroman-4-one may arise from either water or acetate. Water may be present in undried solvent or from environmental moisture. In a previous study of Harvey, R. G. et al., they proposed that benzylic oxidation by DDQ occurred through the addition of an acetate anion to the benzylic cation to form the acetic ester, which was subsequently oxidized to a carbonyl intermediate, 18 but failed to provide a detailed reaction mechanism.
Chart 1. The mass spectrum of pure 2b.
O.
Based on the evidences at hand, we wish to propose a reaction mechanism for this oxidationdehydrogenation process. Using 1b as an example and depicted as follows (Scheme 1). Initially, one of the benzylic hydrogen of 1b was abstracted by DDQH + which was generated by DDQ and HOAc, to form the benzylic cation I. DDQH + having a positive charge acts as a stronger electrophile than that of neutral DDQ, and thus enhances the deprotonation process of chroman at C-4 position. Following on from this addition of an acetate anion (from acetic acid) or H 2 O (from additive / surrounding / solvent) II-1 and II-2 could be generated, respectively. In this step, II-1 has a higher priority than II-2 since the nucleophilicity of The proposed mechanism strongly supports the finding that stochiometric amounts of DDQ are required in this oxidation-dehydrogenation reaction. Using the optimal conditions found in this study, 2-aroyl-3,4-dihydro-2H-benzopyrans 1a-j were oxidized to the corresponding 2-aroylchromen-4-ones 2a-j using DDQ (3.5 equiv) as oxidant, and HOAc-H 2 O as additives in refluxing dioxane (Scheme 2). The physical data and selected spectra data of 2a-j are summarized in Table 2 . Considering Table 2 and based simply on the % yields, the effect of substituents on the reaction outcome demonstrate the following trend, OCH 3 > H > Br > Cl. For example, the % yields of 2b, 2e, and 2f which have a methoxy group on the benzene and chroman ring are 86, 82, and 85% yield, respectively. The % yield of 2a which has no substituents on either the benzene or chroman ring is 76% while 2d and 2i which both have a Cl at R 1 are formed in 70 and 65% yield respectfully. However 2g (R 1 = R 3 = Cl) and 2h (R 1 = R 4 = Cl), both having two Cl atoms were only formed in 35 and 49 % yield respectively. These findings support our proposed reaction mechanism since the formation of a benzilic cation in the first step is stabilized by electron-donating groups in the aromatic ring although not directly conjugated except for 2f.
H 2 O plays in this DDQ oxidation is also evident. Furthermore, HOAc as an additive facilitated the DDQ oxidation. Thus, we have optimized conditions for conversion of 2-aroylchromans to 2-aroylchromen-4-ones by DDQ in refluxing dioxane with HOAc-H 2 O as additives.
Experimental Section
General. All melting points were determined on a Yanaco micro melting-point apparatus.
1 H NMR and 13 C NMR spectra were obtained on a Varian Unity plus 400 Spectrometer. Chemical shifts are indicated in parts per million with respect to TMS. IR spectra were measured on a Perkin Elmer system 2000 FT-IR spectrometer. Elemental analyses were recorded on a Heraeus CHN-O Rapid analyzer. Mass spectra were recorded on a Chem/hp/middle spectrometer connected to a Hewlett Packard series II model gas-liquid chromatography. HRMS spectra were performed on a JEOL JMS SX/SX 102A instrument. Silica gel (230-400 mesh) for column chromatography and precoated silica gel plates (60 F-254) for TLC was purchased from E. Merck Co. UV light (254 nm) was used to detect spots on TLC plates after development.
Compounds (1a-j) were prepared according to the procedure of our previous report.
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General procedure for the preparation of 2-Aroyl-1-benzopyran-4-one (2a-j) Compound 1a-j (2 mmol) dissolved in 1,4-dioxane (4 mL) was stirred and added DDQ (1.60 g, 7 mmol), HOAc (0.2 mL) and H 2 O (1-2 drops). The reaction mixture was heated to the reflux for 4 -8 h. The resultant mixture was quenched with saturated brine (20 mL) and was extracted with CH 2 Cl 2 (10 mL × 3). The organic layers were combined, washed with brine, and dried with anhydrous MgSO 4 , in sequence. After filtration, the filtrate was concentrated in vacuo. The resultant residue was purified by silica gel column chromatography (ethyl acetate/n-hexane = 1: 10) to give pure 2a-j. 
2-Benzoyl-1-benzopyran-4-one (2a

